reaction cell and a peristaltic pump (Instech OEM, USA) for sample delivery from a reservoir to the cell through Teflon tubing (1 mm i.d.). Since the flow rate of the peristaltic pump was very low (28 µl min -1 ), a sample droplet slowly formed at the tip of the capillary and then fell into the cell by gravity for injection. A Y-shaped element was used for mixing luminol and H2O2, which sat at the inlet of the reaction cell. The cell was made of PDMS, which is chemically inert, and shows high resistance to corrosive acids. It had a cylindrical body (10 mm i.d., 8 mm in height, 2 mm in thickness) and a flat, transparent PDMS window (1.25 mm thickness) at the bottom. The PDMS body and the window were bonded together by plasma bonding in the presence of oxygen. 16 A Teflon inlet tube was positioned at 6 mm above the bottom of the cell, and the outlet was near the bottom. Both tubes were bonded to the PDMS cell by epoxy. A mini peristaltic pump (APT Instrument, USA) was used to drain the reacted reagent from the cell. The top of the reaction cell was open for sample injection. The luminol-H2O2 reagent was changed after each measurement for reproducible quantitative analysis throughout this experiment.
The emission from the cell was collected by a PMT (R1894, Hamamatzu, Japan) powered by a HV power supply (-900 V, C3830, Hamamatzu, Japan). A lab-made PMT housing was attached to the bottom of the PDMS cell. The reaction cell and the PMT housing were sealed in a dark box (50 × 50 × 120 mm). The output of the PMT was fed into a current preamplifier (×10 7 , Model 70710, Oriel, USA) and transferred to a data-acquisition board. The data-acquisition system consisted of an I/O interface with an A/D converter and a computer with lab-made graphics software.
Reagents
Luminol (5-amino-2,3-dihydrophtaazine-1,4-dione, Aldrich Chem. Co., USA) of 0.05 M was prepared in a borate buffer. Hydrogen peroxide (Dongwoo Fine Chemical, LTD., Korea) of 0.1 M was mixed with luminol in a 1:1 volume ratio, and then added to the reaction cell. All solutions and standard working solutions were prepared using 18.3 MΩ doubly distilled deionized water (Milli-Q, Millipore, USA). Stock solutions of 1000 µg ml -1 for Fe, Cu, and Co (all divalent) were prepared from chloride salts in a 1% HCl solution. The working solutions of each different matrix were prepared daily. HF was purchased from DongWoo Fine Chemical, LTD (Electronic grade for semiconductor, Korea). A standard cleaning solution was prepared by mixing ammonia, hydrogen peroxide, and d.i. water with a volume ratio of 1:4:20. For the analysis of different matrices, the standard additions method was employed throughout this work.
Results and Discussion

Optimization
Typical factors for optimization in flow injection chemiluminescence were the pH, concentration of luminol, and the amount of sample injected. In flow-injection analysis, the use of a peristaltic pump commonly generated pulsations in the flow, causing signal fluctuation. For the batch-type mode used in this system, the volume of the sample injected by gravity could be one major factor affecting the reproducibility. The mass of the sample dropped into a weighing dish was measured using an electrical balance. The average weight of each droplet for one measurement was obtained to be 7.17 µg with a reproducibility of ±0.37% RSD. Since about 500 µl of the luminol-H2O2 mixture was placed into the PDMS cell for a measurement, the volume ratio of the sample injected to the reagent was about 0.014. This very small sample volume compared to the reagent volume made it possible to minimize the precipitation formed when HF was added to the luminol-H2O2. In addition, less sample consumption and waste generation were achieved.
The pH was varied from 9.5 to 12, 9,17 and it was optimized at 10.8 using 10 ng ml -1 Fe 2+ . The optimum concentration of luminol was also found to be 0.01 M by changing the concentration in the range of 0.005 M to 0.1 M (data were not shown). The effect on the luminescent intensity of changing the luminol-H2O2 concentration was insignificant compared to that of changing the pH.
Since the cell window was also made of a PDMS, which is resistant to the corrosive chemicals used in the semiconductor manufacturing process, such as HF and SC-1, the transparency of the PDMS cell window was tested. No difference was found when compared with that of an optical glass window.
Measurement
The signal intensities of 2 ng ml -1 Cu(II) in d.i. water were measured; a typical profile is shown in Fig. 2 . Since the molar concentration of the injected sample was small compared to that of the reagent mixture, multiple measurements were possible per reagent loading in the cell. As shown in Fig. 2 , the response was fast enough for on-line monitoring, and the time to reach the peak maximum was less than 0.1 s. However, the peak intensity then quickly diminished with a long tailing due to no 614 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 convection. In addition, injecting multiple samples without changing the luminol-H2O2 reagent over 3 drops resulted in increased background, erratic profile, and/or suppression of the peak maximum, as shown in Fig. 2 . All measurements in this experiment were made with one measurement per reagent filling. The limits of detection for Fe, Cu, and Co in d.i. water were found to be 42.0, 24.0, and 6.8 pg ml -1 , respectively, when the peak height was measured in four measurements.
Standard cleaning solution (SC-1)
A characteristic function of the chemiluminescence system developed in this work is the on-line monitoring of metal ions. The application of this system to semiconductor manufacturing processes can minimize contamination, improve the production efficiency and reduce the production costs. A measurement of the emission intensity of a 1 ng ml -1 Cu 2+ solution (0.1% HCl) prepared in a PE bottle was obtained; the result is shown in Fig.  3 . The signal decreased significantly as time passed, and about 70% of the signal was gone after 24 h, probably due to the adsorption of Cu 2+ onto the wall of the bottle. This result implicated that a working solution should be freshly prepared, and that metal ions in the wet baths used in semiconductor processes should be monitored with on-line detection.
The standard cleaning solution is one of the important and unique chemicals for cleaning a silicon wafer in the semiconductor manufacturing process. By measuring the concentration of metal ions in a wet bath, the number of metal ions adsorbed onto the wafer surface can be immediately estimated. Such on-line monitoring of metal contamination will make it possible to reduce the possibility of chip failure, and to increase the production efficiency. Since the SC-1 was alkaline, no dramatic pH change was expected when it was added. Emission profiles in the SC-1 were, however, very different from those in d.i. water, as shown in Fig. 4, i. e., slow an initial reaction rate and long tailing. The emission intensity of 5 ng ml -1 Fe 2+ in the SC-1 was measured; the profiles of two drops in consecutive addition without changing the luminol-H2O2 reagent are shown in Fig. 4 . As can be seen in the figure, even the interval of 12 s between the drops was not enough to have a baseline resolution for the two peaks, and the second signal intensity was significantly reduced compared to the first one. Since the SC-1 contained ammonia and hydrogen peroxide, the cause of slow rising and falling of the peaks was suspected to be due to the presence of ammonia. This slow reaction trend was also observed when acidic samples were neutralized with ammonia. A calibration curve for Fe 2+ was obtained with a linear regression coefficient of 0.998 when the peak area was measured. The limit of detection for Fe 2+ was 61 pg ml -1 . Other metals, such as Co
2+
, showed a similar behavior and detection limits of 4.2 pg ml -1 .
DHF and sulfuric acid
Other important chemicals to be controlled in the semiconductor manufacturing process are corrosive chemicals, such as diluted hydrofluoric acid (1:200 DHF) and sulfuric acid. These acids have been used for cleaning and/or etching wafers in the process. The presence of metal ions in these solutions implicates the possibility of wafer contamination that can induce chip failure.
The difficult problems with analyzing these chemicals in CL were not only a sensitivity loss due to low pH, but also surface damage to the optical materials, such as the glass or quartz cell. When too much DHF was added, dramatic pH changes and white precipitates were observed in the cell, which induced significant suppression of the luminescent intensity. One advantage of this CL system was the ability to directly analyze acid by minimizing the sample volume injected relative to the reagent volume. The addition of a small volume minimized the dramatic pH change and consumed a small amount of the reagent. Calibration curves for Fe 2+ and Cu 2+ in the DHF were obtained with linear-regression coefficients better than 0.997 in the range of 0 to 30 ng ml -1 . The limits of detection for Fe 2+ and Cu 2+ were found to be 60 pg ml -1 and 31 pg ml -1 , respectively.
One way to analyze these acids without loosing sensitivity was to neutralize them. This can, however, cause contamination and make the procedure more complicated. Since the addition of ammonia caused a slow reaction, potassium hydroxide was used for neutralization. Figure 5 shows the spectra of Fe 2+ in 7% sulfuric acid for four measurements after neutralization to pH 6.89 with KOH. Unlike the spectrum obtained with the SC solution, the signal was sharp and reproducible.
In conclusion, a lab-made dropping type chemiluminescence system with a PDMS polymer cell was characterized and optimized for the on-line monitoring of ultra-trace metal ions in HF and SC-1. The dropping injection of a 7.17 µg sample volume with a remarkable reproducibility minimized the pulsation, precipitation, waste generation; also a dramatic pH change of the luminol-H2O2 reagent when adding the DHF sample occurred. The limits of detection obtained in this experiment indicated that the system was good enough to be used in semiconductor applications. Even lower limits of detection were possible under an ultra-clean environment with the use of purified chemicals. Although this CL system does not have selectivity, it has sufficient sensitivity to use as an online sensor to monitor the metal contamination level, such as Fe 615 ANALYTICAL SCIENCES APRIL 2006, VOL. 22 and Cu, which are major problematic elements in semiconductor manufacturing processes. Further work will be focused on separation as well as environmental and biological applications.
